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We study the dynamics of a one-dimensional lattice model of hard core bosons which is initially in
a superfluid phase with a current being induced by applying a twist at the boundary. Subsequently,
the twist is removed and the system is subjected to periodic δ-function kicks in the staggered on-site
potential. We present analytical expressions for the current and work done in the limit of an infinite
number of kicks. Using these, we show that the current (work done) exhibit a number of dips
(peaks) as a function of the driving frequency and eventually saturates to zero (a finite value) in
the limit of large frequency. The vanishing of the current (and the saturation of the work done) can
be attributed to a dynamic localization of the hard core bosons occurring as a consequence of the
periodic driving. Remarkably, we show that for some specific values of the driving amplitude, the
localization occurs for any value of the driving frequency. Moreover, starting from a half-filled lattice
of hard core bosons with the particles localized in the central region, we show that the spreading of
the particles occurs in a light-cone-like region with a group velocity that vanishes when the system
is dynamically localized.
PACS numbers: 03.75.Kk, 05.70.Ln
I. INTRODUCTION
Periodically driven closed quantum systems have been
studied extensively in recent years from the viewpoint
of quenching dynamics as well as quantum information
theory. Some of these systems show dynamical localiza-
tion (DL) where the energy of the system never exceeds
a maximum bound. Systems showing the signature of
DL include driven two-level systems1, classical and quan-
tum kicked rotors2,3 and the Kapitza pendulum4. In
parallel, there have been several studies of many-body
localization transition which have indicated that disor-
dered interacting systems can behave non-ergodically5–7.
Given the recent interest in quenching dynamics of quan-
tum systems8–10 driven across a quantum critical point
(QCP)11,12, the dynamics of those systems under a pe-
riodic modulation of the field has also been investi-
gated13,14; the connection between thermalization and
many-body localization has also been explored15. In par-
ticular, it has been observed that when a quantum many-
body system, specifically, an Ising chain in a transverse
magnetic field, is periodically driven across a QCP there
is a synchronization to a “periodic” steady state16.
In this work, we study the dynamics of a chain of hard
core bosons (HCBs) which is subjected to a periodic kick
in the staggered on-site potential. We address the issue
of DL within the framework of Floquet theory applica-
ble to a time-periodic Hamiltonian17. Low-dimensional
bosonic systems have been realized experimentally by
trapping ultracold atoms in optical lattices18,19 and the
quantum phase transition from a superfluid (SF) to a
Mott insulator (MI) phase has been observed in three
dimensions20 as well as in one dimension21. The HCB
system has also been realized experimentally in optical
lattices22,23. Following these experimental realizations,
there have been numerous analytical studies of these sys-
tems in recent years; for a review see Ref. 24. The in-
tegrability of a HCB chain (and its continuum version
known as the Tonks-Girardeau gas25) has been exploited
extensively, for instance, to investigate the surviving cur-
rent when the HCB chain is quenched from the SF to the
MI phase26, to study the quench dynamics when the sys-
tem is released from a trap27, to analyze the origin of
superfluidity out of equilibrium28, and to explore the DL
of bosons in an optical lattice29.
The paper is organized as follows. In Sec. II, we intro-
duce the model, the initial state of the system (which car-
ries a non-zero current), and the periodic driving scheme.
We explicitly derive the Floquet operator and its eigen-
values for a single δ−function kick of the staggered po-
tential. In Sec. III, we present analytical and numerical
results for the current and work done in the asymptotic
limit of an infinite number of kicks. We analyze these
results to highlight the light-cone-like propagation of the
particles and the phenomenon of dynamical localization
which occurs for certain driving amplitudes and for large
driving frequencies. We make some concluding remarks
in Sec. IV.
II. THE MODEL AND THE FLOQUET
OPERATOR
The model we consider here is a chain of HCBs on a
lattice at half-filling described by the Hamiltonian
H = −w
∑
l
(b†l bl+1 + b
†
l+1bl) (1)
where bl’s are bosonic operators satisfying the commuta-
tion relations [bl, b
†
l′ ] = δl,l′ and the hard core condition
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2 = 0, and w (assumed to be positive) is the
hopping amplitude. Using the Jordan-Wigner transfor-
mation from HCBs to spinless fermions30, the Hamilto-
nian in (1) can be mapped to a system of non-interacting
fermions, which, in momentum space, gets decoupled
into 2 × 2 Hamiltonians in terms of the momenta k and
k + pi, where −pi/2 ≤ k ≤ pi/2. Using the basis vector
|k〉 = ( 1 0 )T and |k + pi〉 = ( 0 1 )T , one can rewrite
the 2× 2 Hamiltonians as
Hk = − 2w cos k σz, (2)
where σ’s denote the Pauli matrices. At half-filling, all
the k-values from −pi/2 to +pi/2 are filled; the ground
state for every k mode is the pseudo-spin up state of the
operator σz denoted by
(
1 0
)T
.
When a staggered on-site potential (in real space) of
the form V
∑
l(−1)lb†l bl is added to the Hamiltonian in
(1), a coupling is generated between the modes with mo-
menta k and k + pi. Consequently, an energy gap opens
up at k = ±pi/2, hence, the system is in the Mott insula-
tor phase for any finite value of V . There is a quantum
phase transition separating the gapped MI phase from
the gapless SF phase when V → 0.
We now consider a boosted Hamiltonian, Hν =
−w∑l(b†l bl+1e−iν + b†l+1bleiν), whose ground state has
a non-zero current. [We call ν a boost because it effec-
tively shifts the momentum from k to k − ν. Assum-
ing periodic boundary conditions, one can perform cer-
tain phase transformations on the bl to remove ν from
each of the terms in the Hamiltonian except for the
last term which hops from site L to site 1; the phase
of this hopping amplitude then becomes Lν, where L
is the number of sites. Hence, ν also describes a twist
in the boundary condition]. With the twist, the ground
state for the modes between −pi/2 < k < −pi/2 + ν is
given by
(
0 1
)T
(i.e., the k + pi modes are occupied),
while for the modes between −pi/2 + ν < k < pi/2 the
ground state is
(
1 0
)T
. We define the current operator
jˆ = −(1/L)(∂Hν/∂ν)ν=0 = (iw/L)
∑
l(b
†
l+1bl − b†l bl+1),
which takes the form jˆk = (2w/L) sin kσ
z in the space of
momenta (k, k + pi). In the limit L → ∞, we find the
initial current to be j = (2w/pi) sin ν. (We will set w = 1
below).
We will now remove the twist (at t = 0) and study
what happens to the initial current carrying state when a
periodic perturbation is applied (that starts at t = T with
a period T ) to the staggered potential. More specifically,
we will focus on the situation when the Hamiltonian in
(1) is subjected to a periodic staggered on-site potential
of the form of a Dirac δ-function kick of amplitude α,
applied at regular intervals of time denoted by T ,
V (t) = − α
∞∑
n=1
δ(t− nT ). (3)
The main question that we will address here is whether
the initial current generated by the twist survives in the
asymptotic limit (t→∞) under these periodic perturba-
tions even when the HCB chain is always in the superfluid
state (except for the δ-function kicks at t = nT ). The in-
teresting result we would like to emphasize at the outset
is that following an infinite number of kicks (n→∞), the
current vanishes in the limit of large driving frequency
ω0 = 2pi/T , while the excess energy energy saturates to
a non-zero finite value. As will be discussed below, the
vanishing of the current can be attributed to a DL due
to a decoherence which leads to a mixed density matrix
at large times; we will see that the probability of finding
a boson at any site becomes equal 1/2 for ω0 → ∞, for
all values of α. At the same time, the work done, Wd,
saturates to a finite value. We will also show that for
values of the kick amplitude α for which cosα = 0, the
current vanishes for n→∞ for all values of ω0.
We now recall the Floquet theory for a generic time-
periodic Hamiltonian, H (t) = H (t+ T ). One can con-
struct a Floquet operator F = T e−i
∫ T
0
H(t)dt, where T
denotes time-ordering. The solution of the Schro¨dinger
equation for the j-th state in the Floquet basis (|Φj(t)〉
which are eigenstates of F) can be written in the form
|Ψj(t)〉 = e−iµjt|Φj(t)〉. The states |Φj(t)〉’s are time
periodic (|Φj(t)〉 = |Φj(t + T )〉) and e−iµjT are the cor-
responding eigenvalues of F ; the µj ’s are called Floquet
quasi-energies. To study the dynamics of the Hamilto-
nian in (1) under the periodic kicks, we note that the
Floquet operator in momentum space is given by
Fk = exp(−iPk) exp(−iHkT ), (4)
where Pk = −ασx and Hk = −2 cos kσz. The first term
in (4) represents time evolution due to the δ-function kick
at time t = T while the second term denotes the time
evolution of the system dictated by the Hamiltonian in
(2) for an interval of time T . Looking at the form of the
Floquet operator, one immediately finds some specific
values of α given by α = mpi, where m = 0, 1, 2, · · · ,
for which the δ-function kicks do not affect the temporal
evolution of the HCB chain; the ground state remains
frozen in its initial state.
The expression for the Floquet operator for a single
kick can be obtained exactly31:
Fk =
[
a b
−b∗ a∗
]
, (5)
where a = cosα cos(2T cos k) + i cosα sin(2T cos k), b =
sinα sin(2T cos k) + i sinα cos(2T cos k). The eigenvalues
of the operator in (5) are eiµ
±
k T , where
µ±k T = ± arccos[cosα cos(2T cos k)], (6)
lie in the range [−pi, pi]. The Floquet quasi-states |Φ±k 〉
are given by the eigenstates of Fk. It is clear from the
structure of (5) that it is sufficient to consider values of
α lying in the range [0, pi]. Further, Fk for α = 0 and
α = pi only differ by a minus sign; hence all the physical
properties of the system are the same at these two values
of α as we will show below.
30.0
0.04
0.08
0.12
J
(a)
α = pi/32 α = pi/16 α = pi/8 α = pi/4 α = pi/2 α = pi
0 1 2 3 4 5
ω0
0.0
0.2
0.4
0.6
W
d
(b)
FIG. 1: (Color online) Plots of (a) current J and (b) work
done Wd as functions of ω0 for small values of ω0 and several
values of α, with L = 100 and ν = 0.2. Wd has peaks at some
specific values of ω0 given by 4/n, where n is an integer, which
are the quasi-degeneracy points of the Floquet spectrum. The
positions of the dips in J are different from the peak positions
in Wd as explained in the text.
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FIG. 2: (Color online) Plots of (a) current J and (b) work
done Wd as functions of ω0 for large values of ω0 and several
values of α, with L = 100 and ν = 0.2. J (Wd) stays at a
higher (lower) value for small values of α. J and Wd asymp-
totically saturate to zero and a finite value respectively. For
the special value α = pi, J sticks to the initial value as ω0 is
varied, while for α = pi/2, J always stays at zero.
Under the periodic driving, the time evolved state
at time t = nT can be obtained by n appli-
cations of the Floquet operator, namely, |Ψk(nT )〉
= c+k e
−iµ+k nT |Φ+k 〉 + c−k e−iµ
−
k nT |Φ−k 〉, where c±k =
〈Φ±k |Ψk(0)〉, with |Ψk(0)〉 being the ground state of the
Hamiltonian in (2). We can then compute the current
J(nT ) =
∑
k Jk(nT ) ≡
∑
k〈Ψk(nT )|jˆk|Ψk(nT )〉, and the
work done Wd = (1/L)
∑
kWk ≡ (1/L)
∑
k[ek(nT ) −
ek(0)], where ek(nT ) is the energy of the k-th
mode measured after n kicks, given by ek(nT ) =
〈Ψk(nT )|Hk|Ψk(nT )〉 = −2〈Ψk(nT )|σz|Ψk(nT )〉 cos k,
and ek(0) = −2〈Ψk(0)|σz|Ψk(0)〉 cos k is the initial
ground state energy.
III. THE n→∞ LIMIT: RESULTS AND
IMPLICATIONS
We now consider the limit n → ∞ when
〈Ψk(nT )|σz|Ψk(nT )〉 =
∑
m=± |cmk |2〈Φmk |σz|Φmk 〉, where
we have dropped rapidly oscillating cross-terms (with co-
efficients c+∗k c
−
k and c
−∗
k c
+
k ) which decay to zero in the
limit t → ∞ when integrated over a large number of
momenta modes. Given the initial ground state with a
twist, we find that∑
m=±
|cmk |2 〈Φmk |σz|Φmk 〉
= − f(k) for − pi/2 ≤ k ≤ −pi/2 + ν,
= f(k) for − pi/2 + ν ≤ k ≤ pi/2,
where f(k) =
cos2 α sin2(2T cos k)
sin2 α + cos2 α sin2(2T cos k)
. (7)
These expressions imply that the properties of the system
will remain the same if we change α→ α+ pi or pi − α.
We will eventually be interested in the thermodynamic
limit L → ∞ where we replace (2pi/L)∑k → ∫ dk. We
then obtain the following expressions for the current and
work as n,L→∞,
J(∞) = 1
pi
∫ pi/2
−pi/2
dk
∑
m=±
|cmk |2〈Φmk |σz|Φmk 〉 sin k
= − 2
pi
∫ −pi/2+ν
−pi/2
dk f(k) sin k,
Wd(∞) = 2
pi
cos ν
− 1
pi
∫ pi/2
−pi/2
dk
∑
m=±
|cmk |2〈Φmk |σz|Φmk 〉 cos k
=
2
pi
cos ν − 1
pi
∫ pi/2+ν
−pi/2+ν
dk f(k) cos k, (8)
where the first term in the last two equations comes from
−(1/2pi) ∫ pi/2−pi/2 dk〈Ψk(0)|σz|Ψk(0)〉 cos k = (2/pi) cos ν.
We will denote J(∞) and Wd(∞) by J and Wd below.
The expressions in (7) vanish in two cases: (i) T → 0,
i.e., the driving frequency ω0 →∞, while α may take any
value, and (ii) cosα = 0, i.e., α = (m + 1/2)pi, while T
may take any value. In these two cases, we obtain J = 0
and Wd = (2/pi) cos ν.
The neglect of the cross-terms in the limit n → ∞
as discussed earlier implies that we have a decohered
density matrix. The special feature of the two cases
ω0 → ∞ (and any α) and cosα = 0 (and any ω0) is
that |c+k |2 = |c−k |2 = 1/2 for all k; namely, the density
matrix is given by 1/2 times the identity matrix in the
space of momenta (k, k + pi) for all k. Since the den-
sity matrix is proportional to the identity, it is invariant
under all unitary transformations. In particular, we can
transform to the position basis and conclude that the
system is described by a mixed density matrix in which
4FIG. 3: (Color online) Pictures showing the density of par-
ticles in a 200-site system as a function of the stroboscopic
time t = nT (on the x-axis) and the location l (on the y-axis)
for various values of T and α. See text for details.
the probability of finding a boson at any site is equal to
1/2. This corresponds to a completely localized state;
this is like a classical state in which the bosons have a
probability of 1/2 of being at each site. This explains the
vanishing of the current and the saturation of the work
done in these two cases.
Using Eq. (7) we can evaluate the leading order behav-
iors of the quantities in (8) in various limits. In the limit
ω0 = 2pi/T →∞, we find that
J → 32pi
3
cot2 α sin3 ν
ω20
and Wd → 2
pi
cos ν. (9)
Two other limits are of interest. For ω0 → 0, we find
that J → (2/pi) sin ν(1 − | sinα|), while for ν → 0, we
find J → (32pi/3)ν3 cot2 α/ω20 . The latter behavior has
been called the ν3 law in Ref. 26.
Next we investigate the current J and work done Wd
as functions of ω0 for a wide range of ω0, with differ-
ent values of α. An examination of Figs. 1 and 2 shows
three distinct regions where the current and work done
show three different behaviors. (i) For smaller values of
ω0, J shows dips at some specific values of ω0, while Wd
exhibits peaks at ω0 which are different from the posi-
tions of the dips in the current. (ii) In an intermediate
region of frequency, J decreases monotonically with in-
creasing α up to α < pi/2 while Wd increases in a similar
fashion. (iii) Both quantities saturate asymptotically at
some specific values in the large frequency limit.
We now discuss the positions of the peaks in Wd and
dips in J in the small ω0 regime as shown in Figs. 1 (a)
and 1 (b) obtained through numerical studies of Eq. (7).
We will argue that the positions of the peaks in Wd are
related to the quasi-degeneracy of the Floquet spectrum
near k = 0. SinceWk is proportional to cos k, Wd receives
its largest contribution from the region near k = 0. For
small values of α, the positions of the maxima in Wd are
therefore determined by the condition 2T (cos k)|k=0 =
mpi, i.e., ω0 = 4/m where m is an integer. Indeed we see
that Wd has peaks around ω0 = 4, 2, 1.3, · · · in Fig. 1
(b). We now turn to the dips in J . For small values
of ν, we see from Eq. (8) that the integral expression
for J goes over a small range from −pi/2 to −pi/2 + ν.
The integrand f(k) sin k vanishes at the lower limit k =
−pi/2; it also vanishes at the upper limit if 2T cos(−pi/2+
ν) = (4pi/ω0) sin ν = mpi, where m is an integer. We
therefore expect that the entire integral will show a dip
as a function of ω0 if ω0 = (4 sin ν)/m. For ν = 0.2, we
expect J to show dips around ω0 = 0.8, 0.4, 0.26, · · · as
shown in Fig. 1 (a). For large ω0, J (Wd) asymptotically
saturate to zero ((2/pi) cos ν); see Figs. 2 (a) and 2 (b)
where we show the variation of J and W for the entire
range of ω0. We also see that J approaches zero for
smaller values of ω0 as α increases; this is in accordance
with Eq. (9) since cotα decreases as α increases from
zero to pi/2.
Finally, we summarize our observations on the depen-
dences of J and Wd on α. (i) J and Wd remain at the con-
stant values (2/pi) sin ν and zero for all ω0 for the special
values α = mpi. (ii) J (Wd) remains at zero ((2/pi) cos ν)
for any ω0 for α = (m + 1/2)pi. In this case, the Flo-
quet quasi-states |Φ±k 〉 have zero expectation values for
the matrix σz appearing in the expression for the current.
(iii) The magnitude of J (Wd) decreases (increases) as α
increases from zero to pi/2.
The DL which occurs in either of the limits T → 0 or
α = pi/2 is illustrated in Fig. 3. The figures show the
density of particles in a 200-site system as a function of
the time t = nT (along the x-axis) and the location l
(along the y-axis) for various values of T and α. The ini-
tial state at t = 0 is one in which sites 51 to 150 have one
particle each (shown by dark regions) and the remaining
sites are empty (shown by light regions). As t increases,
the particles spread out with group velocities given by
v±k = dµ
±
k /dk. The spreading occurs in light-cone-like
regions whose slopes dl/dt = (1/T )dl/dn are given by
the maximum value of |v±k | as a function of k; these are
shown by the black dashed lines. It can be shown from
Eq. (6) that the maximum velocity goes to zero as ei-
ther T → 0 or α → pi/2. (For instance, if α = pi/2, we
find that µ±k = ±pi/(2T ), so that v±k = 0 for all k). This
clearly demonstrates the DL. While light-cone-like effects
have been studied following a quantum quench both the-
oretically32 and experimentally33, our work appears to
be the first to study this in the context of periodic driv-
ing. (We remark that the ripples appearing in Fig. 3 in
the panel for α = pi/2, T = 10.0 are finite size effects).
5IV. CONCLUSIONS
To summarize, we have explored the consequences of
applying periodic δ-function kicks in the staggered on-
site potential on the current carrying ground state of a
HCB chain. In the long time limit (n → ∞), there is
an onset of DL if either the frequency of driving is large
or the driving amplitude takes some particular values.
We conclude with the remark that the DL occurring as
a result of the periodic driving is not special to the one-
dimensional model of hard core bosons discussed here; it
can also be shown to occur in models of non-interacting
fermions on a variety of higher-dimensional lattices (such
as square and cubic lattices) with a periodic driving of a
staggered on-site potential. In the future it may be inter-
esting to study the effect of interactions between fermions
on DL.
We thank Achilleas Lazarides, G. E. Santoro and
A. Russomanno for discussions, and Shraddha Sharma
and Abhiram Soori for critical comments. For finan-
cial support, D.S. thanks DST, India for Project No.
SR/S2/JCB-44/2010.
1 F. Grossmann, T. Dittrich, P. Jung, and P. Ha¨nggi, Phys.
Rev. Lett. 67, 516 (1991); F. Grossmann and P. Ha¨nggi,
Eur. Phys. Lett. 18, 571 (1992).
2 B. V. Chirikov, F. M. Izrailev, and D. L. Shepelyansky,
Sov. Sci. Rev.C 2, 209 (1981); S. Fishman, D. R. Grempel,
and R. E. Prange, Phys. Rev. Lett. 49, 509 (1982).
3 H. Ammann, R. Gray, I. Shvarchuck, and N. Christensen,
Phys. Rev. Lett. 80, 4111 (1998).
4 P. L. Kapitza, Sov. Phys. JETP 21, 588 (1951); H. W.
Broer, I. Hoveijn, M. van Noort, C. Simon, and G. Vegter,
Journal of Dynamics and Differential Equations, 16 897
(2004).
5 D. M. Basko, I. L. Aleiner, and B. L. Altshuler, Ann. Phys.
321, 1126 (2006).
6 A. Pal and D. A. Huse, Phys. Rev. B 82, 174411 (2010).
7 L. D’Alessio and A. Polkovnikov, Ann. Phys. 333, 19
(2013).
8 A. Dutta, U. Divakaran, D. Sen, B. K. Chakrabarti, T. F.
Rosenbaum, and G. Aeppli, arXiv:1012.0653 (2010).
9 A. Polkovnikov, K. Sengupta, A. Silva, and M. Vengalat-
tore, Rev. Mod. Phys., 83, 863 (2011).
10 J. Dziarmaga, Adv. Phys. 59, 1063 (2010).
11 S. Sachdev, Quantum Phase Transitions (Cambridge Uni-
versity Press, Cambridge, England, 1999).
12 B. K. Chakrabarti, A. Dutta, and P. Sen, Quantum Ising
Phases and transitions in transverse Ising Models, m41
(Springer, Heidelberg, 1996).
13 V. Mukherjee and A. Dutta, J. Stat. Mech: Theory and
Experiment, P05005 (2009).
14 A. Das, Phys. Rev. B 82, 172402 (2010); S. Bhattacharyya,
A. Das, and S. Dasgupta, Phys. Rev. B 86, 054410 (2012).
15 E. Canovi, D. Rossini, R. Fazio, G. E. Santoro, and A.
Silva, New J. Phys. 14, 095020 (2012).
16 A. Russomanno, A. Silva, and G. E. Santoro, Phys. Rev.
Lett. 109, 257201 (2012).
17 J. H. Shirley, Phys. Rev. 138, B979 (1965).
18 M. Greiner, I. Bloch, O. Mandel, T.W. Ha¨nsch, and T.
Esslinger, Phys. Rev. Lett. 87, 160405 (2001).
19 I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).
20 M. Greiner, O. Mandel, T. Esslinger, T. W. Ha¨nsch, and
I. Bloch, Nature (London) 415, 39 (2002).
21 T. Sto¨ferle, H. Moritz, C. Schori, M. Ko¨hl, and T.
Esslinger, Phys. Rev. Lett. 92, 130403 (2004).
22 B. Paredes, A. Widera, V. Murg, O. Mandel, S. Fo¨lling,
I. Cirac, G. V. Shlyapnikov, T. W. Ha¨nsch, and I. Bloch,
Nature 429, 277 (2004).
23 T. Kinoshita, T. Wenger, and D. S. Weiss, Science 305,
1125 (2004).
24 M. A. Cazalilla, R. Citro, T. Giamarchi, E. Orignac, and
M. Rigol, Rev. Mod. Phys. 83, 1405 (2011).
25 L. Tonks, Phys. Rev. 50, 955 (1936); M. Girardeau, J.
Math. Phys. 1, 516 (1960).
26 I. Klich, C. Lannert, and G. Refael, Phys. Rev. Lett. 99,
205303 (2007).
27 M. Collura, S. Sotiriadis, and P. Calabrese, Phys. Rev.
Lett. 110, 245301 (2013).
28 D. Rossini, R. Fazio, V. Giovannetti, and A. Silva,
arXiv:1310.4757.
29 B. Horstmann, J. I. Cirac, and T. Roscilde, Phys. Rev. A.
76, 043625 (2007).
30 E. Lieb, T. Schultz, and D. Mattis, Ann. Phys. 16, 407
(1961).
31 S. Sauer, F. Mintert, C. Gneiting, and A. Buchleitner, J.
Phys. B 45, 154011 (2012).
32 P. Calabrese and J. Cardy, Phys. Rev. Lett. 96, 136801
(2006); J.-M. Stephan and J. Dubail, J. Stat. Mech.: The-
ory and Experiment, P08019 (2011); M. Fagotti and P.
Calabrese, Phys. Rev. A 78, 010306(R) (2008); L. Mathey
and A. Polkovnikov, Phys. Rev. A 81, 033605 (2010); J.
Ha¨ppo¨la¨, G. B. Halasz, and A. Hamma, Phys. Rev. A 85,
032114 (2012).
33 M. Cheneau, P. Barmettler, D. Poletti, M. Endres, P.
Schauss, T. Fukuhara, C. Gross, I. Bloch, C. Kollath, and
S. Kuhr, Nature 481, 484 (2012).
